Connexin (Cx) 43 and Cx40 are coexpressed in several tissues, including cardiac atrial and ventricular myocytes and vascular smooth muscle. It has been shown that these Cxs form homomeric͞homotypic channels with distinct permeability and gating properties but do not form functional homomeric͞heterotypic channels. If these Cxs were to form heteromeric channels, they could display functional properties not well predicted by the homomeric forms. We assessed this possibility by using A7r5 cells, an embryonic rat aortic smooth muscle cell line that coexpresses Cxs 43 and 40. Connexons (hemichannels), which were isolated from these cells by density centrifugation and immunoprecipitated with antibody against Cx43, contained Cx40. Similarly, antibody against Cx40 coimmunoprecipitated Cx43 from the same connexon fraction but only Cx40 from Cx (monomer) fractions. These results indicate that heteromeric connexons are formed by these Cxs in the A7r5 cells. The gap junction channels formed in the A7r5 cells display many unitary conductances distinct from homomeric͞homotypic Cx43 or Cx40 channels. Voltage-dependent gating parameters in the A7r5 cells are also quite variable compared with cells that express only Cx40 or Cx43. These data indicate that Cxs 43 and 40 form functional heteromeric channels with unique gating and conductance properties.
Gap junction channels connect the cytoplasms of adjacent cells and provide a pathway for intercellular diffusion of ions, second messenger molecules, and small metabolites. Functional gap junction channels are formed by connexins (Cxs), a gene family with at least 14 mammalian members that are distinguished from one another by their predicted molecular weights expressed in kilodaltons (e.g., Cx43, the 43-kDa connexin). Cxs oligomerize to form connexons (hemichannels), which are defined as homomeric when the six comprising Cxs are identical or heteromeric when two or more Cxs comprise the connexon. Connexons in adjacent cells join in the extracellular space to form the functional intercellular channel, which is defined as homotypic when the Cx composition of the contributing connexons is identical or heterotypic when different.
The ability of Cxs to form homomeric͞heterotypic channels has been examined in the Xenopus oocyte and HeLa cell expression systems as well as in other settings (for review, see The capacity of Cxs to form functional heteromeric connexons and channels has only recently received attention. Biochemical and structural tools have demonstrated the existence of heteromeric connexons comprised of Cxs 46 and 50 (2) and Cxs 32 and 26 (3) . That these Cx pairs form functional heteromeric connexons recently has been demonstrated (4, 5) , but formation of heteromeric channels by these Cx pairs has not been demonstrated. Based solely on functional data, it appears that Cxs 37 and 43 form heteromeric channels (6) . The functional studies of heteromeric connexons and channels demonstrate that these structures display unique conductances, gating behaviors, or selectivities relative to the homomeric forms. There are no studies in which biochemical (or structural) and functional data are provided in support of formation of functional heteromeric channels by any pair of Cxs, certainly not Cx-pairs incapable of forming homomeric͞ heterotypic channels.
Coexpression of Cxs that fail to form homomeric͞ heterotypic channels occurs in many tissues and cell types including ( (1, 7) . In view of the changes in permeation and gating apparently induced by heteromerization, the implications of functional heteromers between Cxs incapable of forming functional homomeric͞heterotypic channels could be profound. Thus, the goals of the present study are to determine whether Cxs 40 and 43 form heteromeric channels and, if so, to characterize the functional properties of those channels. We demonstrate that these Cxs form heteromeric channels with functional properties not well predicted by homomeric͞homotypic Cx40 or Cx43 channels. Our results represent a demonstration of heteromeric channel formation and function in a mammalian cell line that naturally coexpresses the Cxs. 270-336) were generated by using the vector pGEX-1 (8) . Overnight cultures were diluted 1͞100 in fresh LB medium supplemented with ampicillin and were grown for 3 h before induction of fusion protein synthesis by the addition of isopropyl ␤-D-thiogalactopyranoside to a final concentration of 0.5 mM. After 4 h of induction, the cells were pelleted by centrifugation at 2,100 ϫ g for 10 min. The pellet was resuspended in cold PBS, was sonicated with 1% Triton X-100 for 2 min on ice, and was centrifuged at 5,600 ϫ g at 4°C for 10 min. The supernatant was passed through an affinity column of glutathione immobilized on Sepharose. The bound fusion protein was released with 5 mM glutathione. Ten-percent SDS͞PAGE was used to separate full-length fusion protein from degradation products and then was stained with copper chloride (2), followed by excision from the gel. The gel strips were electroeluted in dialysis bags, and the eluted protein was concentrated in an Ultrafree-MC30,000 NMWL Filter Unit (Millipore). The purified full-length fusion protein was used to raise polyclonal antibodies in rabbits by Alpha Diagnostic (San Antonio, TX).
Metabolic Labeling and Crude Membrane Preparation. A7r5 cells were grown in culture medium (DMEM with 10% fetal bovine serum) on 100-mm culture plates until confluent. The confluent A7r5 cells were rinsed three times with medium deficient in methionine before the addition of 3 ml of 35 Slabeling medium (methionine-free DMEM with 5% dialyzed fetal calf serum, 20 M methionine, and 1.5 mCi [
35 S]methionine) for 3 h at 37°C. The metabolically labeled cells were lysed in lysis buffer (5 mM Tris͞5 mM EDTA/EGTA, pH 8.0), and crude membranes were prepared by centrifugation (35,000 rpm, Beckman SW60Ti) for 30 min. The pellets were resuspended in ''incubation buffer'' (0.14 M NaCl͞5.3 mM KCl͞ 0.35 mM Na 2 HPO 4 ͞0.35 mM KH 2 PO 4 ͞0.8 mM MgSO 4 ͞2.7 mM CaCl 2 ͞20 mM Hepes, pH 7.5) and 10% Triton-X-100 and were incubated for 10 min at room temperature. Tritonsolubilized specimens were separated by centrifugation (20,000 rpm, Beckman SW28 rotor, 30 min).
Sucrose Gradient Sedimentation Analysis. The detergent solubilized membranes were fractionated on a linear gradient of 5-20% sucrose (wt͞vol at 20°C) (4 ml total) in the presence of the above-described incubation buffer and 0.5% Triton X-100. Centrifugation was performed in a Beckman SW60 Ti rotor at 49,000 rpm for 14 h at 4°C, after which, 300-l fractions were collected. Cx43 monomers are known to migrate with a sedimentation coefficient of 5S whereas connexons migrate with a sedimentation coefficient of 9S. The 9S fraction has been demonstrated by electron microscopy to be highly enriched for connexons (9) . Glutamate decarboxylase (EC 4.1.1.15; 310 kDa) or connexons composed of MP70 (Cx50) (2) were used as markers for the connexons with a sedimentation coefficient of 9S. Cxs, prepared by SDS-solubilization, were used as a marker for monomeric Cxs with a sedimentation coefficient of 5S. Ovine lens MP70, prepared by 8-Glu solubilization, was used as a marker for connexon pairs with a sedimentation coefficient of 16 S (2). Based on protein standards and calculations of the sucrose gradient conditions used in these experiments, the sedimentation coefficient 9S migration centered at fraction 12, 5S centered at fraction 5, and 16S centered at fraction 15.
Immunoprecipitation and SDS Gel Electrophoresis and Fluorography. Fractions from sucrose gradients were immunoprecipitated with either anti-Cx43 or anti-Cx40 antibody in the presence of immunoprecipitation buffer (0.1 M NaCl͞0.02 M Na borate͞15 mM EDTA͞15 mM EGTA) supplemented with 0.5% Triton at 4°C for 16 h, and then, protein ASepharose beads were added for another 2 h. The beads were washed five times with immunoprecipitation buffer plus 0.5% BSA and 0.5% Triton X-100. The immunoprecipitated samples were isolated from the beads by boiling in SDS sample buffer for 5 min and were analyzed on 10% SDS͞PAGE gels.
Gels loaded with 35 S-labeled samples were processed for fluorography (2) .
Cx40 Stable Transfectants. The clone for murine Cx40 was obtained from Klaus Willecke (Bonn University). A 1.1-kilobase fragment (10) was subcloned into the HindIII and EcoRI sites of pcDNA3 (Invitrogen), an expression vector that uses the cytomegalovirus promoter. Transfection into N2A cells (American Type Culture Collection) was accomplished by using Lipofectin (BRL). Transfected cells were plated by limiting dilution into 96-well plates and were selected by using 800 g͞ml G418 (BRL). Positive clones were determined by electrophysiologic analysis.
Electrophysiology. Confluent A7r5 or Rat-1 cells were trypsinized (0.25% trypsin in Ca-Mg free phosphate-buffered saline) and were replated at low density on glass coverslips. After a 30-min incubation at 37°C, the cells were subsequently maintained and used for electrophysiologic experiments at room temperature. Single-channel data were typically obtained within 2.5 h of plating; voltage-dependent gating data were obtained within 4-5 h of plating. N2A-Cx40 cells were plated at low density 24 h before electrophysiologic study. For all cell types, coverslips with attached cells were mounted in an experimental chamber, and the cells were bathed in a solution containing (in mM) 142.5 NaCl, 4 KCl, 1 MgCl 2 , 0.9 NaH 2 PO 4 , 5 Dextrose, 2 Na-Pyruvate, 10 Hepes, 15 CsCl, 10 TeaCl, and 1 BaCl 2 .
Dual whole-cell voltage clamp was carried out as reported (11, 12) . Electrodes (5-10 megaohms) were fabricated from 1.2-mm filament glass (AM Systems, Everett, WA) on a Sutter Instruments puller (Novato, CA) and were filled with (in mM) 67.8 CsCl, 67.8 KGlu, 10 TeaCl, 0.5 CaCl 2 , 3 MgCl 2 , 5 Dextrose, 10 Hepes, 10 EGTA, 5 Na 2 ATP, and 6.7 Na-creatine phosphate. After the dual whole-cell voltage clamp configuration was achieved, both cells were held at 0 mV and were alternately stepped to Ϫ10 mV to determine macroscopic junctional conductance (g j ). Single-channel events were studied in cell pairs with one or a few functional channels. No uncoupling agents such as halothane or heptanol were used in our studies because preliminary data indicate that channels comprised of Cx40, Cx43, or Cx40&43 display different sensitivities to these agents. Voltage-dependent gating was evaluated in cell pairs in which g j was Ͻ7 nS.
Channel events typically were obtained with a transjunctional driving force of 40 mV, although some records were obtained with larger driving forces. Current data were digitized (Neurocorder, model DR 484, Neuro Data Instruments, New York) and stored on videotape. Desired segments of records were filtered (8-pole Bessel, 50 Hz) and acquired (Data Translation, Marlboro, MA) for computerized singlechannel analysis by using the software of Ramanan, Brink, and colleagues (13, 14) .
Voltage-dependent gating parameters were determined as follows. From a holding potential of 0 mV, one cell of a pair was stepped to ϩ40 mV for 10-12 s, was returned to 0 mV for Ն12 s, and was stepped to Ϫ40 mV for 10-12 s. In an independent series of experiments, these step durations were found sufficient for steady state voltage-dependent changes to occur and similarly for channel recovery to occur. This pulsing protocol was repeated such that Ϯ 40, Ϯ 60, Ϯ 80, Ϯ 100, (Ϯ 120), and, finally, Ϯ 20 mV were examined. Data from each cell pair were plotted (normalized conductance vs. transjunctional voltage) and dependence of conductance on positive and negative voltage was determined [Boltzmann fit (15) ]. The Boltzmann parameters corresponding to V 0 , G min , and z for each cell type were calculated (expressed as mean Ϯ SD) and were compared by using the Wilcoxon-Mann-Whitney test (a nonparametric two-sample ranked sums test). Differences were assumed significant when P Ͻ 0.05. 
RESULTS
To determine whether heteromeric connexons were formed in A7r5 cells, 35 S-methionione metabolically labeled crude membranes solubilized by Triton-X-100 were centrifuged through 5-20% sucrose gradients. The resulting fractions were immunoprecipitated under nondenaturing conditions with affinity purified anti-Cx43 antibody, and the immunoprecipitated samples were resolved by SDS͞PAGE and fluorography. As shown in Fig. 1A , Cx43 concentrated into two major peaks centered at fractions 5 and 12. By comparison, samples at fraction 5 should enrich monomeric Cxs, and those at fraction 12 should enrich connexons (2, 9) . In addition to Cx43, there is an extra band with the same mobility as Cx40 in the connexon-rich fractions (fraction [11] [12] . To confirm that Cx40 directly associates with Cx43, connexon-rich fraction 12 was immunoprecipitated with Cx40 antibody and was resolved on SDS͞ PAGE (Fig. 1B) .
To determine whether these heteromeric connexons assemble into functional intercellular channels, we examined singlechannel event amplitudes and characterized voltagedependent gating behavior. Single-channel events derived from multiple pairs of A7r5 cells revealed channels of diverse amplitudes. Openings from the zero transjunctional current level included events with the following amplitudes: 170, 160, 144, 135, 120, 100, 95, 63, and 55 pS. In multichannel records, a variety of transition amplitudes was observed in the A7r5 cells ( Fig. 2 A1 and A2 ) that were not evident in the Rat-1 (Fig.  2B ) or N2A-Cx40 (Fig. 2C) cells. In some A7r5-pairs, most of the transitions had amplitudes of Ͻ100 pS (Fig. 2 A1) whereas, in other pairs, larger transition amplitudes predominated (Fig.  2 A2) . The variability in transition amplitude is apparent in the all-points histogram as broad peaks that fail to start and stop at baseline and whose separations do not correspond to actual event amplitudes. These results from A7r5 cells are strikingly different from those obtained from Rat-1 cells, which express only Cx43, and from N2A-Cx40 cells. In Rat-1 cells, Cx43 displayed main and residual state conductances of 89 and 34 pS, respectively. In N2A-Cx40 cells, Cx40 channels exhibited main and residual state conductances of 166 and 26 pS. For both Cx43 and Cx40 channels, transitions between the main and residual states predominated; complete channel closure occurred extremely rarely. Thus, records from Rat-1 cells displayed mainly 55 and 35 pS transitions (Fig. 2B) whereas 140-pS transitions predominated in the N2A-Cx40 records (Fig. 2C) . The uniformity of event amplitudes in the homomeric͞homotypic setting is evident in the all-points histograms as narrow, well defined peaks that start and end at baseline and whose separations correspond to actual event amplitudes. The differences between A7r5 and either the Rat-1 or N2A-Cx40 cells strongly suggest the presence of functional heteromeric channels in the A7r5 cells.
Voltage-dependent gating of gap junction conductance was also quite variable in the A7r5 cells. In Fig. 3A , the normalized conductance (G ss ͞G inst ) vs. transjunctional voltage data obtained from 10 A7r5 cell pairs are shown. In keeping with the diversity of channel types displayed by pairs of A7r5 cells, we also observed a variety of voltage-dependent gating behaviors. In contrast to this diversity, data from seven pairs of Rat-1 cells (Fig. 3B ) and six pairs of N2A-Cx40 cells were much more homogeneous. Macroscopic junctional conductance ranged between 1 and 7 nS for all cell pairs, and mean conductances did not differ: 2.5 Ϯ 1.7, 2.5 Ϯ 1.0, and 2.7 Ϯ 2.2 nS for the A7r5, Rat-1, and N2A-Cx40 cells, respectively. Data from each cell pair were fit with the Boltzmann equation to determine V 0 , G min , and z. As expected from the diversity of curves in Fig. 3A , the standard deviation about the mean for these parameters in 
DISCUSSION
Using a combination of biochemical and electrophysiologic approaches, we demonstrate here that Cxs 40 and 43 form heteromeric channels in A7r5 cells. Cxs 40 and 43 were coimmunoprecipitated with either of the two specific antibodies from the sucrose gradient fraction enriched for connexons. Each antibody immunoprecipitated only its specific Cx after denaturation in SDS. These results strongly suggest the formation of Cx40͞Cx43 heteromeric connexons in these cells. That these heteromeric connexons assemble to form functional channels is supported by three lines of electrophysiologic data. First, channel amplitudes not observed in the homomeric͞homotypic settings predominated in the A7r5 cells. Second, voltage-dependent gating parameters were not well predicted by either Cx in their homomeric͞homotypic forms. Third, in a previous study (12) , it was found that the permeation characteristics of gap junctions formed by A7r5 cells were distinct from those of either Cx40 or Cx43. Thus, current and previous electrophysiologic data, in combination with our biochemical data, indicate that, despite their failure to form (19) , corpus cavernosum smooth muscle (20) , ventricular myocytes (21, 22) , and lens epithelium (23) , and in Cx43 transfected neuroblastoma (24) , HeLa (25) , and hepatoma (26) cells. Collectively, these studies demonstrate that Cx43 channels exhibit at least one closed state and two distinct open states, referred to as the main and residual states. Transitions between the closed and residual states and between the closed and main states produce events of Ϸ30-and 95-pS amplitude, respectively. Because channel closure is rare (22) , the most commonly observed transition, Ϸ65 pS, is between the main and residual states. The actual amplitudes of these transitions depend on the composition of the patch pipette solution (22) . With a Cs-Aspartate (110 mM) solution, main and residual state conductances for Cx43 channels are 61 and 12 pS, respectively, whereas, with KCl (110 mM), these values are 96 and 23 pS. The relative frequency of Ϸ65-pS events is enhanced when phosphatase inhibitors are included in the patch pipet. The relative frequency of 95pS events (transitions between the main and closed states) is enhanced when activators of phosphatases are included. The consistent observation of Ϸ30-, 65-, and 95-pS events across multiple cell types and treatment conditions indicates that any cell-specific regulation of Cx43 channel conductances is likely encompassed by these observations.
The behavior of Cx40 homomeric͞homotypic channels has been examined in HeLa (15, 25) , neuroblastoma (27) , and choriocarcinoma (28) In the all-points histograms for the Rat-1 and N2A cells, peaks are narrow, they begin and end at baseline, and their separations correspond to actual event amplitudes. In the all-points histograms for the A7r5 cells, peaks are broad, they do not begin and end at baseline, and peak separations do not correspond to actual event amplitudes. Transjunctional voltage was 40 mV throughout the A7r5 and N2A-Cx40 records except at the asterisks (in A1 and C), where it was 0 mV. Transjunctional voltage was 30 mV throughout the Rat-1 record. (15) . Although Cx40 appears to be phosphorylated (25), it is not clear what effect, if any, phosphorylation has on channel behavior. Our measurements of Cx40 channels in N2A cells and of Cx43 channels in Rat-1 cells are consistent with the data discussed above. We observed main and residual state conductances for Cx43 of 89 and 34 pS and for Cx40 of 166 and 26 pS. In the A7r5 cells, a diversity of transition amplitudes was observed, most of which are not observed in the homomeric͞ homotypic setting. In view of the large database available for behavior of the homomeric͞homotypic channels formed by these Cxs (discussed above), it seems highly unlikely that the unique transition amplitudes observed in A7r5 cells result from cell-specific regulation of the homomeric͞homotypic forms. Instead, the data strongly suggest that Cxs 40 and 43 form functional heteromeric channels that display conductances distinct from the homomeric͞homotypic forms.
Cxs 40 and 43, in their homomeric͞homotypic forms, display unique voltage-dependent gating behaviors. For Cx40, V 0 , G min , and z are Ϸ47 mV, 0.24, and 6, respectively (see ref. 28 for review). For Cx43, V 0 , G min , and z values are Ϸ59 mV, 0.16 and 2.3, respectively (22) . Comparable values for Cx40 and Cx43 were obtained herein. The A7r5 cells displayed V 0 , G min , and z values of Ϸ72 mV, 0.4 and 1.9, respectively. The variability in the A7r5 cell measurements (Fig. 3 ) was dramatically higher than observed in the homomeric͞homotypic settings. This high variability strongly supports formation of heteromeric channels by these Cxs and suggests (i) that heteromeric channels display unique gating properties and (ii) that the number of channels underlying macroscopic conductances of 2-3 nS, Ϸ20-30 if open probability is close to 1, is insufficient to adequately sample the possible channel mixture (see below). That heteromeric channels display alterations in their voltage-dependent gating behavior may suggest that other types of gating also will differ.
In a previous study, the macroscopic permeability of the junctions formed by A7r5 cells was determined (12) . In the presence of serum, the junctions were permeated (nearly) equally well by small anions and cations but poorly by large ions of either charge. In reduced serum, the junctions were well permeated by large and small anions and cations, and fluorescent tracers diffused nearly five-fold better. Cx43 expression levels were comparable in the two conditions, but Cx40 expression was dramatically higher in the presence of serum (D. T. Kurjiaka, A. M. Fletcher, and J.M.B., unpublished observations). These results are difficult to reconcile with expression of only homomeric͞homotypic Cx40 and Cx43 channels (22, 24, 27) but are easy to reconcile if heteromers of these Cxs display unique permeation properties. In view of the data supporting heteromeric channel formation presented here, it seems likely that the unique macroscopic permeability patterns observed in A7r5 cells reflect the contribution of heteromeric channels. The results suggest a cellular strategy for independent regulation of chemical and electrical communication that could be important to growth control and hypertrophy in excitable cells, where loss of electrical communication would be detrimental to survival of the organism.
The number of channel types that could be formed by Cxs 40 and 43 in a heteromeric setting is 194 (6) because the homomeric͞heterotypic forms are not functional. If Cx40 and Cx43 each constitutes 50% of the total Cx pool, and if formation of the 194 possible channel types occurs randomly, then the chances of observing a homomeric͞homotypic channel would be Ϸ0.024%. If Cx40 were twice as prevalent as Cx43 (i.e., if Cx40 represents 66% of the total Cx pool), the incidence of homomeric͞homotypic Cx43 channels would decrease to Ϸ0.00019%, a Ϸ130-fold decrease relative to equal expression levels. In contrast, the incidence of Cx40 homomeric͞ homotypic channels would increase to Ϸ0.77%, a Ϸ32-fold increase. If only homomeric͞homotypic channels formed, channel incidence would parallel expression levels (i.e., a 66:33 expression ratio would produce 66:33 incidence of the corresponding channel types). Clearly, small changes in the expression ratio could have profound effects on the channel population in the heteromeric setting. Because conductance, gating, and permeation properties of the heteromeric channels appear to differ significantly from the homomeric͞homotypic forms, small changes in expression would be expected to dramatically alter intercellular communication.
It is not clear how many heteromeric channel types are allowed, but the variability in gating behavior when Ϸ30 channels are contributing suggests that there are many. The rules governing heterotypic and heteromeric channel formation among Cxs are not known. The demonstration that two Cxs incompatible for docking can form heteromeric channels indicates that docking may in part be determined by subunit interactions within a connexon. This conclusion is supported by studies of chimeric Cxs. Haubrich et al. (29) , working with chimera of Cx40 and 43, concluded that an intracellular domain (the C terminus) was a critical determinant of interactions in the extracellular domain. Our data, which indicate heteromeric channel formation by Cxs 40 and 43, further support subunit interactions as an important determinant of docking as well as channel function. Because coexpression of Cxs incapable of homomeric͞heterotypic interaction is com- Proc. Natl. Acad. Sci. USA 96 (1999) mon, the importance of defining the rules for channel assembly is increasingly apparent. If all of these incompatible Cxs were able to form heteromeric channels with unique functional properties, cells and tissues would be able to exploit a greater dynamic range of function not available if only homomeric͞ homotypic channels were formed. Expression of Cxs 40 and 43 is dynamically regulated in cells of the cardiovascular system. Disease processes that result in cell injury and proliferation, such as hypertension, atherosclerosis and ischemia (30-33) alter expression levels. As described above, the composition of the heteromeric channel is expected to be extremely sensitive to the expression ratio of the contributing Cxs. Thus, these changes in expression pattern could significantly alter intercellular communication. In this context, our observations offer a mechanistic basis for the predisposition to arrhythmias observed in Cx40 ''knockout'' animals. These animals retain Cx43 expression and conduct action potentials with only modest delay. However, the animals are predisposed to arrhythmias (34, 35) . Our results suggest that the unique conductance, gating, and permeation properties of heteromeric channels may be crucial to normal rhythmicity as well as providing a mechanism for independent control of chemical vs. electrical communication.
